Abstract Using angle-resolved photoemission spectroscopy (ARPES), we studied bulk and surface electronic band structures of narrow-gap semiconductor lead telluride (PbTe) thin films grown by 
I. Introduction
Narrow gap lead telluride (PbTe) has attracted tremendous interest because of its unique properties and important applications. It has been widely used in thermoelectric and midinfrared optoelectronic devices [1, 2] , such as thermoelectric power generation with the highest efficiency at high temperature [3, 4] , infrared detectors [5] , light emitting diodes [6] , and lasers [7] . Particularly, significant progress has been made in the past decades to improve the thermoelectric figure of merit of PbTe-based thermoelectric devices, including the application of Tl doping [3] , band convergence engineering [8] , and multiscale hierarchical design [4] . PbTe also hosts fascinating physical properties. Recently, Fu et al. theoretically predicted that PbTe could become a topological crystalline insulator by applying pressure, strain or forming an alloy with SnTe [9] . A twodimensional electron gas (2DEG) with high mobility has been discovered by Zhang et al. at the interface of rock-salt PbTe and II-VI zinc-blende CdTe, and the quantum oscillation measurements demonstrated the Dirac fermion nature of the 2DEG [10] .
The band structures of PbTe are pivotal to the understanding of its outstanding performances.
There have been a plethora of theoretical studies of energy band structure of PbTe. The calculations of electronic band structure of PbTe have been carried out by using  kp perturbation theory [11] , the empirical pseudopotential method [12] , tight binding model [13] , and first-principles calculations involving hybrid functional [14] and quasi-particle GW approximations [15] . For the experimental studies of the electronic band structure of PbTe, however, only band gaps at some specific k points were deduced from the optical reflectivity [16] and electro-reflectivity [17] measurements. These measured results were interpreted in terms of Van Hove's singularities from transitions between bands at high symmetry points and lines, without explicit momentum resolution in the entire Brillouin zone (BZ). Grandke et al. [18] performed measurements on (100) surface of single crystals of lead chalcogenides using rare-gas resonance lines at 16.85 eV and 21.22 eV, which was one of the first angle-resolved photoemission spectroscopy (ARPES) studies of the semiconductor surfaces. They claimed that the indirect-transition model could be applied in lead chalcogenides with Oh symmetry due to a larger number of critical points along Γ-X of the BZ, whereas the direct-transition model is more applicable for Ge and zinc-blende semiconductors [18, 19] . Hinkel et al. [20] also performed photoemission spectroscopy (PES) measurements using synchrotron radiation on (100) surface of PbTe bulk crystal. The electron emission normal to the surface was recorded and the dispersions along Γ-X were obtained, and the direct-transition model was adopted to interpret the data. Though the (100) surface has been well studied, there is no systematic study regarding the (111) surface to our best knowledge. This is because the (111) surface is a strong polar surface and is difficult to cleavage from bulk single crystal, contrary to the (100) surface which is the natural cleavage plane for rock-salt single crystal. On the other hand, the band inverted SnTe and its alloy with PbTe have been considered to be the prototype material of topological crystalline insulator [21, 22] . The study of the normal narrow- In this paper, using synchrotron-based high-resolution ARPES, we examine the electronic band dispersion of PbTe (111) thin films grown by MBE. The comparison between the experimental data and first-principles calculations helps us to identify the bulk and surface electronic band structures of PbTe (111) thin films.
II. Methods
Molecular beam epitaxy. High-quality single crystal thin films (1μm) of PbTe were grown on freshly cleaved (111) oriented BaF2 substrates by MBE with a base pressure better than 210 -10 Torr. [10, 25] . The substrates were prebaked for 30 min at 500℃ before the growth of PbTe films.
1 m PbTe films were grown at a rate of 1 m/h (a beam flux of 510 -7 Torr) and the substrate temperature was kept at T=250℃. To keep equilibrium stoichiometry, an additional Te effusion cell was used during growth. The growth surface was monitored by reflection high energy electron diffraction (RHEED). Because TeO2 can easily form on the PbTe surface when the samples are exposed to air, a selenium capping layer about 200 nm was deposited on the top surface of PbTe films to protect them from oxidation during the transfer from the MBE chamber to the ARPES facility [26] .
ARPES measurements. The ARPES experiments were carried out at the beam line 13U of the National Synchrotron Radiation Laboratory (NSRL) at Hefei, China, using a Scienta R4000 electron spectrometer. Angle resolution was 0.3° and the combined instrumental energy resolution was better than 20 meV. All samples were measured at 25 K under a vacuum better than 5×10 First-principles calculation. The electronic structures and total energy were calculated using firstprinciples density functional theory as implemented in the VASP package [27] . The projector augmented wave method was used with a plane-wave expansion up to 400 eV. The modified Becke and Johnson exchange potential (termed TB-mBJ) [28] was adopted to improve the description of bulk band structures. The TB-mBJ approach remarkably improved the local density approximation for p-p like band gap and the error of band gap is expected to be small. Spin-orbit interaction was included in the self-consistent calculation following the approach of Kleinman and Bylander [29] .
Г-centered 8 × 8 × 8 Monkhorst-Pack k-mesh was used for the Brillouin zone integration for the bulk. For the slab calculation, we used the supercell slab geometry with symmetric slabs with either cation or anion at both surfaces to avoid the polar field for the (111) crystal direction. The thickness of the vacuum region separating periodically repeated slabs was more than 20 Å and was tested up
to 40 Å. We tested the convergence of our results up to slab thicknesses of 95 atoms. Г-centered 7 × 7 × 1 k-mesh was used and the atomic geometries was allowed to relax until the HellmannFeynman forces became smaller than 10 meV/Å within generalized gradient approximation [30] .
III. Results and discussion

A. Crystal structure and Brillouin zone
The at L point (Table 1) . in Fig. 2(c) , and the agreement between them is evident. where V0 is the inner potential. The valence band maximum at 19 eV is the L point in the second BZ (Figure 2b) . The inner potential V0 is estimated to be 5.9 eV, and the Γ point in the third BZ is fitted to be corresponding to h=41 eV. vacancies. The dispersion is quite different from the results of (100) surface due to the different kpoint sampling from the different crystal direction [18, 20] . We find that the overall band dispersion agrees well between the ARPES experiment and the direct transition model calculation in Figure   3 (a-f). Figure 3 (g) shows the projected band structure of PbTe (111) with different kz, i.e., the calculated band structure with a uniform interval of kz within the first BZ. Different line colors in Fig.1(a) ) and has twelve-fold degeneracy. The convergence of L and Σm is the key factor to the enhancement of thermoelectric figure of merit of PbTe-based alloy [8] . The energy difference between the L and Σm point has not been clearly determined in previous studies.
C. The k Measurement
By performing ARPES measurements on the (111) We also note a feature around 1.7 eV below Fermi level in Figure 3 (a, c, and d), which does not disperse with photon energy. This feature highlighted by dotted lines cannot fit into the calculated bands by either the direct or the indirect transition model. We assign this band to a surface state (or resonance, S2). The S2 band dominates the photoemission process at h=25 eV ( Fig. 3(d) ), whereas its intensity is much weaker than the direct transition peaks from 14 eV to 23
eV. The intensity variation of S2 in Figure 3 as a function of photon energy can be attributed to matrix element effect [38] . The theoretical calculation could help us to disentangle surface states from the bulk band structures. We further employed a symmetric slab composed of 59 atomic layers (~110 Å) with Te atoms at both ends of PbTe to simulate the surface states. In Figure 4 We note the hole effective mass discrepancy between the measured ARPES data and the calculated bands, i.e. the hole effective mass of the calculated bands is obviously smaller than that measured by ARPES in the range from 17 eV to 21 eV (Fig. 3 (a-c) ). This issue could be explained by the surface states as well. We notice from the calculation result that there are surface states near the valance band edge (S1) which explains the unexpected large effective mass of the valence states.
Such surface states are not unfamiliar, e.g. α-GeTe was recently known to show similar surface states [39] . The surface states near the band edge could influence transport and optical properties of PbTe. The effect of surface passivation of PbTe surface states in heterojunctions and nanostructures is not fully explored yet. The orbital character can also be resolved when photons with various polarizations are used in ARPES ( Fig. 5(a) orbitals in which Te 5p contributes 62% while Pb 6s has 36%. As PbTe has a cubic crystal structure, pz, px, and py should have same contribution (21%) to the valence band in a bulk crystal [22] .
However, in ARPES data only pz component can be observed. This phenomenon could be due to the breakdown of the bulk cubic symmetry near the PbTe surface. We tested the idea by examining the slab calculation with relaxed atomic positions. The shift of cations and anions and the change of bond length relative to bulk ones were obtained (see Fig. 4(b),(c) ). Especially, the bond length varies between 3.10 Å and 3.48 Å and shows a dramatic change relative to the bulk bond length.
The bond lengths gradually restore to the bulk value about 20 Å from the surface. Based on the universal mean-free-path for photoelectrons in solids [36] , the electron escape path is estimated to be less than 5 Å for the photon energy adopted in our experiment, corresponding to the first two or three layers in PbTe. Consequently, surface effect is prominent in our photoemission experiment.
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The layered distortion near the surface stems from the structure instability of PbTe [33] , and is very similar to another group-IV chalcogenides SnSe, with a layer-distorted rock-salt structure, which recently shows a thermoelectric figure of merit of record high along the in-plain b-axis of its layered structure [40, 41] . Here, the distorted structure at PbTe (111) surface could be a potential pathway to improve the thermoelectric figure of merit of PbTe. We further examine the angular variation of the photoemission spectroscopy. Figure 6 shows the energy contours at several representative energies below the Fermi level. Close to the valence band maximum, the contours are quite isotropic with circular shape, but they become much more anisotropic as the energy decreases, reflecting the underlying bulk band nature as a result of crystal field. In particular, a snowflake shape of spectral weight is observed with six lobes along the  -M symmetry line of the hexagonal SBZ between E=-1.44 eV and -2.25 eV, revealing the 13 hexagonal symmetry of the rock-salt structure along [111] direction. These features are well captured in the band structure calculation shown in Figure 6 (g) in which the calculated eigenvalue of the top valence band is given. The hexagonal warping effect leads to a variety of interesting results such as out-of-plane spin polarization for the Dirac cone of the topological insulator Bi2Te3 [42] . The observed six lobes along  -M make large contribution to the electron density of states near the valence band maximum, which is important for the outstanding thermoelectric performance of PbTe.
IV. Conclusions:
The energy band dispersions of both perpendicular and parallel to the -L direction were obtained by varying the incident photon energies and polarizations in ARPES measurements. The combination of ARPES and first-principles calculation clearly reveal the full 3D band structure, 
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